The FLP protein, a site-specific recombinase encoded by the 2 micron plasmid of yeast, has been purified to near homogeneity from extracts of E. coli cells in which the protein has been expressed. The purification is a three column procedure, the final step employing affinity chromatography. The affinity ligand consists of a DNA polymer with multiple FLP protein binding sites arranged in tandem repeats. This protocol yields 2 mg of FLP protein which is 85% pure. The purified protein is highly active, stable for several months at -70°C and free of detectable nucleases. The molecular weight and Nterminal sequence are identical to that predicted for the FLP protein by the DNA sequence of the gene. Purified FLP protein primarily, but not exclusively, promotes intramolecular recombination. Intermolecular recombination becomes the dominant reaction when E. coli extracts containing no FLP protein are added to the reaction mixture. These extracts are not specifically required for recombination, but demonstrate that some properties previously attributed to FLP protein can be assigned to contaminating proteins present in E. coli.
INTRODUCTION
The two-micron circle is a 6318 bp plasmid endogenous to naturally occuring populations of Saccharomvces cerevisae (1) . One copy of a 599 bp repeat lies on each side of this plasmid in inverted orientation. Sitespecific recombination between the repeats results in inversion of the intervening sequences (2) . The FLP protein (predicted molecular weight 48,794), encoded by the largest of the 2 micron open reading frames, mediates the recombination event. FLP protein recombination has been shown to participate in 2 micron plasmid copy-number amplification (3, 4) . Expression of the FLP protein in E. coli led to the development of in vitro systems for this recombination event (5, 6, 7) . The reaction requires only a buffer and appropriate ionic strength. No high energy cofactor or divalent cation is necessary (7) . FLP protein will promote either intramolecular (inversions and deletions) or intermolecular recombination, using sites present on both relaxed and supercoiled DNA molecules (6, 7) . The relative efficiency of
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inter-and intramolecular recombination was reported to be affected by the concentration of FLP protein. Inhibition of the reaction occurred at still higher FLP protein concentrations (8) .
The recombination site is a subset of the 599 bp sequence. Each site is comprised of three thirteen base pair repeats. The first two repeats are in direct orientation, separated by one base pair. The third repeat is inverted in orientation from the other two, and separated from them by an eight base pair spacer. The minimum site for efficient in vitro recombination is 28 bp in length, including the spacer region and the ten internal basepairs of each adjacent inverted repeat (9, 10) . The entire site, however, including the outside repeat, is protected from nonspecific nuclease digestion by FLP protein (11) . Methylation interference studies (12) and mutation analysis (9, 10) have shown that FLP protein binds to the 13 bp repeats but not to the 6 central bp of the spacer. During recombination FLP protein produces staggered cuts at the boundaries of the spacer, generating protruding ends 8 nucleotides in length with 5'-(OH) termini (9, 11) . The FLP protein forms a covalent 3 1 phosphotyrosyl linkage with the DNA at the sites of cleavage (13) . Mutant recombination sites containing only one 13 bp repeat, or two tandem direct repeats, showed diminished nuclease protection and were not cleaved (11) .
Further characterization of the molecular details of this recombination event requires a purification method for significant quantities of pure FLP protein. Several protocols for the partial purification of this protein have been published (7, 14, 15) . The best of these produced FLP protein originally estimated to be 50% pure (15) . More recently fractions prepared by this protocol have been found to be 5% pure (16; J.M. Attwood, unpublished results). We report here a purification procedure which yields milligram quantities of FLP protein at 85% purity. A key step in the protocol involves affinity chromatography with an immobilized DNA ligand. The ligand design is based on known interactions between FLP protein and its recombination site (9) (10) (11) (12) (13) . With cleaner protein preparations we have re-examined several previously described properties of the in vitro reaction (8) .
MATERIALS AND METHODS
Plasmids: The plasmid pMMC3 is described elsewhere (5), and is maintained in the E. coli recA strain HB101 (17) . DNA was purified by banding twice in Ethidium Bromide/Cesium Chloride gradients. The plasmid pMMC20 was maintained in strain C600K" (17) , which was provided by Dr. Carol were replaced with this lad-bearing segment from pll7. This final 8.5 kb construct is designated pMMC20, and is illustrated in Figure 1A .
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Assay of FLP protein activity in vitro: The plasmid pMMC3 (5) Preparation of DNA for Site-Specific Affinity Column: The annealed synthetic oligonucleotides and the strategy for their polymerization are illustrated in Figure 3 . Conditions for enzyme reactions and DNA precipitations are as described (17) . One pmole of each single-strand oligonucleotide was phosphorylated, using 100 units T4 polynucleotide kinase.
Reactions included an ATP regenerating system (2.24 units/ml pyruvate kinase, Fractionation of E. coli Extracts Which Do Not Contain FLP Protein:
C600K cell paste (100 grams) was sonicated with two one-minute bursts in a solution containing 100 ml TSE, 0.1 M NaCl, 10" M pepstatin A, 6 Aig/ml amacroglobulin, and 30 /ig/ml PMSF. The lysate was spun at 48,000 rpm (150,000 g) for 30 minutes in a Beckman 60Ti rotor. The supernatant was loaded directly over a column of Biorex-70 resin (5x15 cm). The column was washed sequentially with 300 ml Buffer A (0.2 M NaCl), and 300 ml Buffer A (1.0 M NaCl). One protein peak eluted with the 1.0 M NaCl wash. The protein in this peak was used to test the effect of E. coli extract on the FLP in vitro recombination reaction. This procedure is similar to the first few steps of the FLP protein purification.
Other Methods: Quantitative protein determinations were made either by the method of Warburg and Christianson (28) or by the method of Bradford (29) using bovine serum albumin as a calibration standard, as indicated. shown). Based on the amount of FLP protein generated by our purification protocol, and taking into account the estimated loss in yield at each step (Table I) Affinity Chromatopraphv: Fraction IV (55 ml) is diluted with 41 ml of buffer H (no NaCl) and 24 ml of sterile 50% (v/v) glycerol, a dilution sufficient to lower the NaCl concentration to 0.25 M NaCl. The diluted fraction is loaded onto a 15 ml (1.5x8.5 cm) column of the liganded Sepharose resin, which had been equilibrated with buffer H (0.25 M NaCl). The protein pool is loaded by recycling over the column at 0.5 ml/min for 35 hours, followed by two complete passes of the protein fraction through the column. Table I . The FLP protein activity peak, 11.0 ml total, contained 2.0 mg of FLP protein and was approximately 85% pure by densitometric scan (Figure 2) . The procedure reproducibly yields 1-2 mg of protein at a purity between 80 and 90% ( Table I) sequenced (data not shown), and the sequence is identical to that previously described for FLP protein (15) .
Rationale for Design of Affinity Ligand
In designing a ligand for a site-specific affinity column we used available information on the way FLP interacts with its recombination site (9) (10) (11) (12) (13) ). Several strategies were tested. For the first trial a duplex oligonucleotide containing half the spacer and one adjacent repeat was used to specifically elute FLP protein from the heparin agarose column. Affinity elution was specific and resulted in protein of up to 99% purity. However, a significant fraction of the resulting protein (greater than 50% in some cases) was found to be covalently linked to the DNA fragment used for elution (data not shown). This ligand was therefore unsuitable for preparative purification. The second test was of an oligonucleotide containing the 13 bp repeat, but lacking the adjacent spacer and base pair to which FLP protein covalently attaches. This oligonucleotide lacked specificity, and therefore was also unsuitable for preparative purification (data not shown). It was necessary, therefore, to design a ligand which would be highly specific, but incompetent for cleavage and covalent attachment. Since the cost of the elution procedure described above proved to be exorbitant, the ligand was immobilized to permit multiple use.
The wild type recombination site contains three FLP protein binding sites. The site distal from the spacer is not required for recombination, but it is bound by FLP protein (11, 12) . Since cleavage does not occur between two protein binding sites on the same side of the spacer, it was reasoned that a tandem array of such sites, each related to the next as these two are, would be an effective affinity matrix. Construction of this polymer is illustrated in Figure 3 , and details are presented in Methods. The resulting DNA was linked to Sepharose resin. Binding of FLP protein to this affinity column is reversible, and specific enough to permit separation from other DNA binding proteins. The possibility that inhibition of recombination could also be mediated by proteins in the E. coli extract is examined in Figure 6 . Figure 6A , lanes 1-7, shows the effect of increased concentrations of E. coli extract while the concentration of FLP protein is held constant. As the concentration of E. coli extract is increased, product distribution is shifted toward an intermolecular reaction, and then is progressively inhibited. When the reaction is preincubated with E. coli extract for 40 minutes at 30°C prior to adding FLP protein (lanes 8-13), the inhibitory effect is shifted to lower amounts of E. coli extract relative to reactions performed without preincubation. The inhibitory effect appears to be due to one or more proteins in the E. coli extract. Previous reports showed inhibition at a molar ratio of 600 FLP monomers:l recombination site (8) . Even at this ratio product distribution which occurred at several stages of the purification procedure, we suspected that the effects were due to contaminating species in the E. coli extract. We have confirmed this by fractionating an E. coli extract in a manner parallel to the FLP purification procedure, and mimicking the effects on product formation with this extract. Under these conditions, intermolecular reactions readily occur even at low FLP concentrations. This is consistent with our previous observation that two glycerol gradient fractions of FLP protein promoted different distributions between intermolecular and intramolecular products (7) . We surmise that, in this case as well, product distribution reflected a different concentration or distribution of E. coli protein in the two fractions, rather than a property of the FLP protein itself. Four DNA binding proteins from E. coli have recently been purified in this laboratory which exhibit the effects on FLP protein-promoted recombination described in this report (R. C. Bruckner, unpublished) . Two of these correspond to two histone-like proteins which together were previously designated the H protein of E. coli (35) . whereas the effects of the E. coli extract are difficult to interpret and may not be mechanistically significant, the results provide an explanation for a number of inconsistent observations in the literature.
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